We present a unique, lightweight, compact, low-cost, x-ray imager: MiniMAX (Miniature, Mobile, Agile, X-ray). This system, which exploits the best aspects of Computed Radiography (CR) and Digital Radiography (DR) technology, weighs less than 6lbs, fits into a 6" diameter x 16" long carbon-fiber tube, and is constructed almost entirely from offthe-shelf components. MiniMAX is suitable for use in weld inspection, archaeology, homeland security, and veterinary medicine. While quantum limited for MeV radiography, the quantum-efficiency is too low for routine medical use. Formats include: 4"x6", 8"x12", or 16"x24" and can be readily displayed on the camera back, using a pocket projector, or on a tablet computer. In contrast to a conventional, flying-spot scanner, MiniMAX records a photostimulated image from the entire phosphor at once using a bright, red LED flash filtered through an extremely efficient (OD>9) dichroic filter.
INTRODUCTION
Conventional Computed Radiography (CR) scanners use a laser-generated, raster-scanning, flying-spot technique to introduce a bright point-source of light onto a metastable phosphorluminescent material such as barium fluorobromide, BaFBr:Eu 2+ . The red laser light stimulates the emission of a faint, typically blue, photostimulated luminescent (PSL) light which is proportional to the latent x-ray image stored on the phosphor. The PSL light is then recorded on a pointby-point basis using a photomultiplier tube as the sensor. While this approach is both very efficient and very sensitive, it suffers from certain drawbacks. These include: a large number of moving parts, a relatively complex motion control system, the need for fast relaxation (< 1 microsecond) storage phosphors, the need for flat phosphor plates, and blooming of the point-spread-function due to the finite size of the laser spot and scatter within the diffuse surface of the phosphor.
Property
Digital Our MiniMAX system uses a fundamentally different method of image transfer where the entire image is read out at once using a very bright, wide-area, red LED flash, and a lens-coupled CCD camera as the imaging device. This approach, independently studied by Winch and Edgar 1 , suffers from relatively poor sensitivity due to the inherent inefficiency of both collection optics and the poor blue quantum efficiency of silicon imagers. However, because the system has no moving parts, is extremely compact, low cost, and does not require the use fast-relaxation phosphor materials, it has advantages over traditional CR scanners in some applications. Furthermore, the camera can be moved to the phosphor which can now be a free-form surface coating such as paint or a patterned structure 2 . The imaging characteristics of MiniMAX are compared with conventional CR, DR, and x-ray film in Table 1 .
THEORY OF OPERATION
One way to characterize the performance of an imaging device is with the Detective Quantum Efficiency, or DQE. Essentially the DQE measures the ratio of the signal-to-noise (power) in a recorded image to that of a statistically perfect image. In our case, relatively energetic x-ray photons deposit some or all of their energy onto the storage phosphor material in the form of excited, metastable molecular quantum states. These excited states can then be stimulated into a relaxed state through the introduction of PSL light. Various loss mechanisms (eg. self-absorption, diffuse scatter, reflection, lens coupling, silicon detection efficiency etc) degrade the emission signal that is ultimately recorded in the form of photoelectrons, n, onto a silicon CCD or CMOS imager. This situation is described in equations 1 and 2 3, 4 ,
where T is the lens transmission (typically T~0.8), g is the number of visible photons emitted per x-ray absorbed (typically g~10 3 @ 100keV), QE CCD is the silicon quantum efficiency (typically QE CCD =0.2 @ 400nm), M is the optical magnification from screen to CCD (typically M~0.1), and F# is the lens f-number (typically f1.2). Using these values, we find that n<<1 photoelectrons per x-ray absorbed. Therefore, DQE<<1 indicating that such a system will not be quantum limited. Since patient dose is inversely proportional to the DQE of the x-ray system employed, MiniMAX would not be well suited for routine diagnostic radiography. However, many real-world applications have other limitations that offset the desire for low dose. Indeed the requirements often include: low cost, robust performance, compact size etc. In these cases, MiniMAX may have high utility.
OPTICS TECHNOLOGY
Three basic signal types are associated with storage phosphors: "excitation light", "emission light", and "stimulation light". The x-ray or "excitation light" is the very short-wavelength ionizing radiation absorbed by the storage phosphor. The recorded signal, or "emission light" is ~400nm in BaFBr:Eu 2+ phosphors. The longest wavelength signal comes from the red, "stimulation light", which is used to initiate the stimulated emission process 5 .
It is illustrative to consider these three light signals on the same energy-flux scale (J/m 2 ). Assuming a 10mR x-ray signal typical of a diagnostic x-ray, with a 10% absorption efficiency on a 1kg/m 2 phosphor, we have a total energy deposited by the excitation process of about 10 micro-Joules/m 2 . The emission light from this process has an efficiency driven by the storage phosphor's photon yield. An ordinary BaFBr:Eu 2+ phosphor has a photon yield of approximately 10,000 photons/MeV absorbed which corresponds to 30 nano-Joules/m 2 . This visible light is collected by a lens with a light collection efficiency of about 0.05% (f1.0, m=0.125) giving a signal on the CCD from blue emission light of only 15 pico-Joules. We now compare that tiny recorded energy to the enormous, 40Joules/m 2 of PSL light signal required to stimulate the process 6, 7 . Since both red and blue signals can pass through the same lens optics, a very efficient filter that passes blue light, and rejects red light, is required.
Our initial testing was performed with a double-sided, JDSU, shortpass, dichroic, filter with greater than 90% transmission in the passband (<500nm) and greater than 10 4 rejection in the rejection band (575nm-725nm) illustrated in Figure 1 . The filter was coated on both sides of a 1.1mm thick, Schott, borofloat glass. A simple 72mm filter ring was constructed from by replacing the glass in a Tiffen, 72mm clear filter with the dichroic filter glass. The net result is a coating with an OD>9 for normal incidence light. It is important to recognize that much of the light is off-normal and therefore suffers less destructive interference than normal-incidence light in the quarter wave filter layers. We mitigated this effect using blackened reflective surfaces and a 72mm lens hood.
Figure 1. Transmission and and rejection bands of double-sided dichroic filter
To maximize the optical throughput of our camera system we used the largest format, lightest weight CCD camera commercially available (a Leica M9) along with the fastest normal lens (a Leica Noctolux 50mm, f0.95 lens). These are premium components that retail for $7k and $11k respectively. We also tested a 50mm, f1.2, Voighlander lens that retails for $1k. Finally, we tested a less expensive system utilizing a Nikon D700 and a 50mm f1.2 lens which retail for $3k and $500ea. All these systems gave satisfactory performance over a wide range of field conditions. The Leica Noctolux lens has superior vignetting characteristics illustrated below in Figure 2 . Hoya, 72mm diopters were used to adjust the format size from 4"x6" to as large as 16"x24". This change in FOV can be readily accomplished in the field. 
FLASH CIRCUIT
The illumination light is created using a special-purpose LED flash circuit. We tested many configurations including back-illumination, with an eye toward reduced size and weight before adopting the LEDIL/CREE, TINA-XP-D, 6.5 degree half-angle, plastic concentrating lens mounted onto CREE XPERED-L1-000-00601 surface-mount LEDs. These LEDs have a maximum output of ~65 lumens @350mA, and a luminous efficiency (luminous power per wall power) of about 8-10%. Light output peaks at 630nm, with a maximum drive current of 700mA-1000mA. The 3.0V, forward voltage of AlGaAs LEDs is well matched to a 3V, 123-type photo battery. A pulsed circuit using the battery as an energy source to charge 14, 5-Farad, Power Store HV-1020-2R7505-R supercapacitors discharged with the camera hot-shoe contact using 6, Vishay model Si4423DY,P-channel, high current MOSFETS, is shown in Figures 3and 4. This circuit is capable of providing enough PSL light to saturate a large, 14"x17", storage phosphor in a short period of time (~100ms) to facilitate hand-held operation with minimal motion blur and contamination from ambient light sources. Figures 5 and  6 illustrate two complete camera systems tailored for large and small formats respectively. Figures 7-9 are representative examples of the x-ray capability at different energies and formats. 
CONCLUSIONS
We have demonstrated a simple, compact, rugged, flexible x-ray camera system based upon photoluminescent, storage phosphors screens. With the exception of the special dichroic filter and LED flash circuit, the camera system shown here is comprised of readily available OTS components. Such a system can be used in any x-ray environment where dose is not at a premium. We envision use in explosive ordinance disposal, postal and portal inspection, field medicine, archaeology, and weld inspection. When combined with a compact x-ray source, either isotopic or bremmstrahlungbased (eg Golden Engineering, XR-150 8 ), the entire system can be fielded in a compact package with a total weight of less than 10lbs and a total cost of less than $20k. Furthermore, because the phosphors are reusable, and the camera and flash circuits consume small amounts of power, the system is battery operated making it suitable for field environments where power is not readily available.
